Second-trimester amniotic fluid supernatant (AFS) contains cell-free fetal RNA (cffRNA) transcripts that can provide information about fetal gene expression. In a retrospective case-control study, we measured second-trimester fetal gene expression using cffRNA extracted from AFS in women who had spontaneous preterm birth (sPTB) <34 weeks and in women who delivered >37 weeks. We extracted cffRNA from AFS of women with singletons who had second-trimester genetic amniocenteses. Twenty-one gravidas who had sPTB and 21 term controls were matched 1:1 for maternal age, fetal sex, race, gestational age (GA) at the time of amniocentesis, and medication exposure. Cell-free fetal RNA was extracted and hybridized to a customized 65-gene NanoString panel containing genes related to oxidative stress, inflammation, and hypothalamic-pituitary-adrenal (HPA) axis and included 15 housekeeping genes. Two models were run, 1 examining sPTB in relation to case/control status and 1 examining sPTB in relation to GA as a continuous variable. Among cases, the gene expression of nitric oxide synthase 1 (NOS1), D-aspartate oxidase (DDO), and Beta-2-microglobulin (B2M) was higher than controls (P value < .05; false discovery rate-corrected Q value of 0.10). Nitric oxide synthase 1 and DDO are genes associated with oxidative stress; B2M is a marker of the fetal inflammatory response. Fetal HPA gene expression is not associated with GA at delivery or sPTB in second-trimester AFS. Alterations of fetal gene expression related to inflammation and oxidative stress antedate clinical symptoms and may be useful for early identification of patients at risk of having an sPTB.
Introduction
In the United States, preterm birth (PTB) is the most common cause of infant morbidity and mortality. Although prematurity rates have declined in the United States, 1 in 10 infants are born preterm, equivalent to 360 000 infants per year. In 2007, US medical care for preterm infants costs more than $51 billion. 1 Primary prevention strategies such as antioxidant supplementation or screening and treatment of maternal infections have failed to reduce or eliminate PTB. 2 Little is known about the fetal contribution to PTB, however, there are emerging data that variants in the DNA of the fetus, not the mother, may be the trigger for some PTBs. 3 Amniotic fluid supernatant (AFS) offers the opportunity to study human fetal development and physiology via analysis of the cell-free fetal RNA (cffRNA). Although cell-free fetal DNA and RNA in maternal serum arise from the placenta, 4 gene expression and epigenetic studies of cffRNA in amniotic fluid demonstrate that cell-free nucleic acids are mainly contributed by the fetus. 5 Thus, analysis of cell-free nucleic acids in amniotic fluid provides critical information about fetal gene expression.
The purpose of the study was to measure second-trimester fetal gene expression related to common PTB pathways involving the fetal hypothalamic-pituitary-adrenal (HPA) axis, inflammation, and oxidative stress. These genes were chosen because they represent key genes in pathways related to spontaneous PTB (sPTB). 6 We hypothesized that fetal gene expression from AFS at the time of a second-trimester genetic amniocentesis in women who eventually had sPTB would have differential gene expression related to common PTB pathways in fetuses of women who delivered preterm compared to those at term.
Materials and Methods
This was a retrospective case-control study of women who delivered via sPTB or term birth (TB) with singleton fetuses without structural anomalies and who underwent secondtrimester (14-24 weeks) genetic amniocentesis at University of North Carolina (UNC) at Chapel Hill. Amniocenteses were performed for clinical indications (advanced maternal age, ultrasonographic soft markers of aneuploidy, abnormal serum screening results, maternal request). Since 2003, AFS has been banked at À80
C for research purposes. The study was approved by the institutional review board at the UNC at Chapel Hill . Amniotic fluid supernatant from women who had sPTB (<37 weeks; n ¼ 21) was matched to AFS from women who had a TB (>37 weeks; n ¼ 21) by fetal sex, maternal age (within 2 years), gestational age (GA) at amniocentesis (within 1 week), race, year of amniocentesis (within 1 year), and medication exposure (Table 1) . Patients with abnormal fetal karyotypes, structural abnormalities, or any symptom or sign of preterm delivery at the time of genetic amniocentesis (eg, cervical shortening) were excluded. Since there are many different phenotypes of sPTB (preterm premature rupture of membranes, placental abruption, chorioamnionitis), a retrospective chart review was conducted by the lead author and confirmed by another board-certified perinatologist to ensure that the cases were women who delivered via sPTB defined as labor without a precipitating factor (ie, women with preterm premature rupture of membranes or placental abruption were excluded) as our goal was to identify fetal gene expression only associated with sPTB.
Cell-free fetal RNA was extracted from 5 mL of AFS, according to previously described protocols. 7 RNA quantity was determined by Nanodrop (Thermo Scientific, Wilmington, Delaware), and quality was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California). The RNA was hybridized to a custom NanoString panel comprising 65 genes of interest and 15 housekeeping genes (Supplemental Table 1 ). The NanoString was performed in the core preclinical genomic pathology laboratory at the UNC at Chapel Hill Lineberger Comprehensive Cancer Center. Genes related to PTB were selected based on previous publications and were chosen for their known biological roles in stress, inflammation, and oxidative stress. 3, 8, 9 Briefly, the nCounter Analysis System probe library contains 2 sequence-specific probes, the capture probe and the reporter probe, for each gene of interest. Probe pairs are mixed with total RNA in 1 hybridization reaction and then imaged with the use of fluorescent microscopy. 10, 11 Expression is measured by counting the number of unique color tags within the gene probe tripartite structures and is reported as ''counts.'' This system is optimal for small quantities of RNA such as is found in AFS. This platform permits quantifying the expression of up to 800 targets, without the need to use enzymes (reverse transcriptase or Taq for polymerase chain reaction), which could introduce bias.
Raw expression data were extracted using the nSolver software (NanoString Technologies, Inc, Seattle, Washington) and normalized both to positive controls and housekeeping genes. A Grubbs test was used to test for outliers in the data set. Statistical analyses were performed using Partek Genomics Suite software (version 6.6; Partek Inc, St Louis, Missouri). Differences in cell-free fetal gene expression were evaluated using 2 methods. A t test was performed to examine differences in gene expression associated with case status, whereas linear regression was used to examine changes associated with GA as a continuous variable. Because 1:1 matching was performed for the following variables that can affect fetal gene expression (maternal medication use, race, fetal sex, and maternal age), these variables were not included in the analysis. Statistical significance was defined at level P < .05. The false discovery rate-corrected Q-value (FDR Q-val) was set at 10% (.10). Table 1 summarizes selected demographic characteristics of the study participants. The sPTB and TB groups did not differ significantly with respect to maternal or GAs at the time of amniocentesis. Clinical indications for amniocentesis were the same in both groups (advanced maternal age, abnormal serum screen, soft marker on targeted anatomical survey). Although quality of RNA did vary among individual samples, those variations were not associated with year of collection (P ¼ .45). Gene expression analysis was carried out on n ¼ 65 genes selected based upon their relationship to PTB pathways with a focus on their biological roles in the HPA axis, inflammation, and oxidative stress; 15 housekeeping genes were also included (Supplemental Table  1 ). Although statistical analysis of dichotomous categories (sPTB/TB) showed no genes passed our FDR Q-val of .10, there was a significant (P ¼ .007) 2-fold increase in gene expression of nitric oxide synthase 1 (NOS1), a gene known to be associated with oxidative stress ( Table 2 ). None of the other genes were differentially regulated other than NOS1 in the dichotomous (preterm/term) analysis (Table 2) . Interestingly, there were differences in gene expression when GA was analyzed as a continuous variable. Effect size was also calculated between the 2 groups analyzing gene expression levels per week of gestation. The expression levels of beta-2-microglobulin (B2M) were significantly negatively associated with GA at delivery (FDR Q-val < 0.001), with a 60% decrease in gene expression with each increasing week of gestation. Additionally, the expression level of D-aspartate oxidase (DDO) was significant in relation to GA at delivery (FDR Q-val ¼ 0.028) and showed 48% decrease in gene expression with each increasing week of gestation (Table 2 ; Figure 1 ). And although NOS1 (FDR Q val ¼ 0.18) did not meet our FDR Q-val criteria, it does meet an accepted Q of 0.2 12, 13 and showed a 38% decrease.
Results

Comment
The goal of the study was to measure differences in gene expression in cffRNA extracted from AFS in women with sPTB compared to women delivered at term in secondtrimester amniotic fluid. In contrast to our a priori hypothesis, the gene expression levels at the time of the second-trimester amniocentesis that are involved in the HPA axis were not associated with GA at delivery or sPTB. It is possible that changes in HPA axis fetal gene expression do occur, but do so in the third trimester or closer to the time of labor onset. We did find higher expression levels of B2M, a marker of the fetal inflammatory response, 14 in fetuses that ultimately had sPTB compared to those at term. Fetal gene expression of NOS1 and DDO was also increased in fetuses that had sPTB. Nitric oxide synthase 1 and DDO are both associated with oxidative stress; NOS1 is also associated with smooth muscle contraction. 15 Evidence for differential gene expression related to fetal inflammation and oxidative stress at the time of the secondtrimester genetic amniocentesis in women who delivered at earlier GAs suggests that these are key pathways that initiate preterm labor. Beta-2-microglobulin is the noncovalently bound light chain of major histocompatibility class I, a protein found on the surface of all nucleated cells. 16 Beta-2-microglobulin has been shown to have potent antibacterial Abbreviations: B2M, beta-2 microglobulin; DDO, D-aspartate oxidase; FDR Q-val, false discovery rate-corrected Q value; GRIA2, glutamate ionotropic receptor AMPA type subunit 2; HPA, hypothalamic-pituitary-adrenal; NOS1, nitric oxide synthase 1; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid.
a Four of 65 genes from various pathways were chosen to illustrate findings. Significance is defined as P < .05 with FDR Q-val of 0.10. b Genes significantly negatively associated with gestational age at delivery. properties in human amniotic fluid and exhibits antibacterial activity against pathogenic microbial strains. Beta-2-microglobulin has increased expression in amniotic cells during bacterial infection. 14 Previous studies have shown subclinical infection at the time of genetic amniocentesis in women who deliver preterm 17 or at the time of idiopathic preterm labor. 18 It is possible that a subclinical infection stimulates a fetal inflammatory response that results in upregulation of B2M gene expression in the women who delivered via sPTB. However, given the small sample size, larger studies are needed to confirm results and further understand the mechanisms of the changes seen in fetal gene expression.
In this study, NOS1 and DDO gene expression was also higher in women who delivered at earlier GAs. Nitric oxide synthase 1, catalyzes the synthesis of nitric oxide from L-arginine, has been shown to have a relaxant effect on uterine smooth muscle cells in animal models. 15, 19 There is also other evidence that NOS1 has a role in sPTB as NOS1 isoforms are found in higher concentration in women in labor (term and preterm). 20 We can speculate that the fetus is expressing increased amounts of NOS1 gene expression to relax the uterus because it is trying to counteract the inflammatory milieu caused by increased B2M gene expression. However, because of the exploratory nature of this work, further studies are needed to validate and understand the mechanism behind these findings.
This study is not without limitations. Although the sample size is small, the cases and controls were carefully matched. Since all of the amniocentesis samples were obtained because of routine indications, there is a possibility of introducing bias because of comorbid pregnancy conditions. To address this, we excluded any fetuses with chromosome abnormalities and structural abnormalities. There are numerous strengths of the study. First, the use of human amniotic fluid matched on factors known to alter fetal gene expression, including GA, is a strength as was limiting the phenotype of sPTB to women who had no known risk factor for sPTB (cervical shortening, infection, bleeding) in order to identify fetal gene expression changes prior to the onset of clinical symptoms. Additionally, the use of the highly sensitive NanoString technology for cffRNA assessment is a strength as it allows us the ability to target genes associated with PTB pathways. In addition, NanoString is a clinically validated tool, thus, there is high potential for it to be clinically useful in the prediction of PTB. This study sheds light on fetal transcripts and pathways that may be important in identifying women at risk of sPTB. These transcripts can potentially be identified noninvasively in maternal blood. 21, 22 Given the selected genes related to each PTB pathway, we believe this study provides novel data regarding molecular mechanisms related to a possible fetal contribution to sPTB. An alternative agnostic approach could also be performed to identify novel gene transcripts associated with PTB using a larger cohort of patients and a whole genome expression array.
In summary, targeted gene expression analysis was used to identify changes in cffRNA derived from AFS in women with sPTB and TB. Alterations of fetal gene expression related to inflammation and oxidative stress may antedate clinical symptoms and may be useful for early identification of patients at risk of having an sPTB. Future studies should confirm these findings in a larger cohort. Given the recent ability to monitor cell-free RNA noninvasively during human pregnancy to provide information about fetal tissue-specific transcription, 21 biomarkers for sPTB prior to the onset of clinical symptoms using cffRNA in maternal serum may be identified in women at high risk for sPTB based on differentially expressed gene expression levels related to inflammatory and oxidative stress pathways.
